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ABSTRACT 
For the fust time, the yield strength of thin-film 
parylene-c is measured from membrane load-deflection 
experiments and surface profile analysis. To do so, the 
onset pressure which causes plastic deformation of the 
membrane is fvst experimentally measured. Then a new 
2-step displacement model, together with the energy 
minimization technique[l], is developed to convert the 
onset pressure to the yield strength on the prestressed 
parylene membrane under a uniform pressure loading. 
The results depict a Yield Strength of 59 MPa (or 0.012 of 
strain) for thin-film parylene-c in comparison to 55 Mpa 
reported by parylene vendor (measured from large 
samples)[2]. To double check with the result, the balloon 
model[3] is further used to compare with the stress value 
from our model at the center of parylene membranes and 
good agreements are obtained. 
1. INTRODUCTION 
Parylene is getting more and more popular for MEMS 
applications such as for valves, pumps, nozzles, flow 
sensors and even accelerometers[4-7]. Unlike the 
conventional silicon material, however, parylene has a 
significant plastic deformation even at room temperature 
if it is stressed over the yield point. It is therefore very 
important to measure the not-yet-known yield strength of 
thin-film parylene so that the operation limit of devices 
made of parylene can be predicted. For parylene 
membranes under uniform pressure loading, the total 
stress is the sum of the intrinsic stress and the loading 
stress, while intrinsic stress (caused mainly by thermal 
mismatch between the membrane and the substrate) 
usually dominates[t]. Although stress distribution models 
for zero-intrinsic-stress, large-deflection membrane under 
loadings are available[l], there is the lack of a simple 
analytical model to cover both the effects of large intrinsic 
stress and large deflection existent at the same time in 
membranes[9][ IO]. Here we propose to use the membrane 
load-deflection method[l 11 to determine the plastic 
deformation onset pressure of thin-film parylene-c and we 
present a simple analytic modeling of it. 
2. FABRICATION AND SYSTEM SETUP 
The membranes used in the load-deflection test are 
2.8x1.6 mm2 with a thickness of 2.8 pm. Fig. 1 illustrates 
the fabrication process of the load-deflection membrane. 
Fig.1 Fabrication process for load-deflection 
membrane. (a) Pattem oxide and KOH Si 
etching to make Si membrane. (b) Strip 
oxide and deposit thin-film parylene c. (c) 
Deposit and pattern CriAu. BrF, Si etching 
to release parylene membrane. 
First, a suitable silicon membrane is produced. The 
desired membrane pattem is etched into the oxide mask on 
the backside of the wafer. Then, KOH etching is used to 
produce silicon membranes with a thickness of around 20 
p. Second, the remaining oxide is removed using BHF 
and then the wafer is placed in the parylene deposition 
chamber. A 2.8 pm of parylene-c is deposited on the top 
side of the wafers. Third, Cr/Au (10 nm/200 nm) is 
deposited on top of parylene with thermal evaporator and 
is pattemed to generate a single 20x20 bm2 Cr/Au square 
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in the membrane center to provide deflection reference 
points for later WYKO profile measurements. The wafer 
is then diced into individual chips at this point and 
annealed at 140 'C for one hour to ensure consistent 
intrinsic stress[ll]. Finally, BrF3 slicon etching from the 
backside releases the parylene-c membrane 60m the 
silicon membrane. 
The load-deflection measurements are made using a 
simple set of pressure regulators and needle valves for 
pressure regulation and a WYKO "I2000 interferometer 
for measuring the membrane deflection profiles. The 
setup is illustrated in Fig.2. The pressure regulator 
regulates between 0-30 psi and the needle valves 
functioned as pressure dividers reducing the effective 
pressure into repeatable 0.0 1 psi increments. The pressure 
was measured with an Omega PCL100-30 pressure 
calibrator with 0.001 psi resolution. The WYKO 
interferometer measures 3D surface profiles with an 
accuracy of 0.05 pm. However, inner reflection of 
WYKO light source from transparent parylene thin film 
introduces small profile offsets (a couple of microns) in 
the measurement. Therefore, small gold reference squares 
are fabricated in the center of each membrane and off- 
membrane regions to allow WYKO to record accurate 
maximum deflection of the membranes. 
pressure 
calibrator 
N2 
filter 
Fig.2 System setup for membrane load-deflection 
experiment. 
3. MEASUREMENTS AND ANALYSIS 
A. Energy Minimization Method 
In order to measure the yield strength of pre-stressed 
thin-film parylene-c, the membranes are loaded into 
plastic deformation regime and we need to record the 
onset pressure that causes hysteresis in the load-unload 
deflection curves. This approach is different from the 
conventional brittle membrane experiment and is specially 
suitable for device performance characterization. Fig.3 
shows an example of the hysteresis data from load-unload 
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Fig.3 Load-deflection curves of parylene 
membranes under various pressure cycles. 
The maximum membrane deflection happens 
in the center of the membrane. 
cycles with increasing pressures up to Spsi. From data we 
observe 4psi to be the lowest pressure showing hysteresis 
load-deflection curve. When large hysteresis happens 
(-Spsi), plastic deformation along the membrane long 
edges can be clearly seen in the WYKO profile (shown in 
Fig.4) which confirms the prediction from our model 
introduced later in this section. This way, we can 
accurately measure the onset hysteresis pressure and then, 
we use our new two-step displacement model with energy 
Fig.4 Plastic deformation observed on the long 
edge of parylene membrane after a Spsi load- 
unload cvcle. 
minimization method to interpret the data. The two-step 
displacement approach (Fig.5) assumes the membrane is 
first stretched from a stress-free status to the fabricated 
status which has a uniform tensile stress caused mainly by 
thermal mismatch between silicon substrate and parylene- 
c membrane during the cooling process after the 
annealing. In the second step the membrane is further 
bulged with a uniform loadmg pressure. Displacements of 
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stkss I SteD 1. Step 2. I 
I I 
Fig.5 Two-step displacement model. 
&~, 
a,: intrinsic stress, v: Poisson ratio 
E E: Young's modulus 
Eq.1 Displacement components derived from 
the two-step approach. U, v and w are 
displacements in the x, y and z directions 
respectively. 2% 2h are the width and length 
of the parylene membrane respectively. &, vn 
and wo are parameters to he determined from 
energy minimization method. 
any point on the memhpne therefore has two parts (Eq. 1) 
where U, v and w are displacements in the x, y and z 
directions respectively. The second part of the overall 
displacement in Eq.1 is an approximation from neglecting 
the higher order modes in an infinite summation 
expression fust presented by Timoshenko[ 1][9]. More 
accurate analysis can he obtained if more high order 
modes are included in Eq. 1. Energy minimization method 
is then used to analytically determine the displacement 
components across the whole membrane and the 
membrane load-deflection relationship as follows : 
U, v, w: displacements of points on the membrane in x, y 
and z directions 
c, 5: strain in the x and y direction 
VI: energy due to stretching of the membrane 
V2: work done by the pressure to the membrane 
p: applied pressure difference to the membrane 
f, fi, fi, f3: functions derived from the respective partial 
differential equation 
= W O  = f ( P > E 2 " )  
Knowing the maximum deflection wo of the membrane (at 
the center of the membrane under various loading 
pressure) from WYKO profile data and a Poisson ratio of 
0.4 for parylene-c [ I l l ,  Young's modulus and intrinsic 
stress (E and oi respectively) are obtained by fitting the 
load-deflection curves with the derived wn = qp,~,,,) as 
shown in Figd. 
'Z 
0 
0 1 2 3 . 
Pressure (psi) 
Fig.6 Parameters fitting with 2-step 
displacement model. 
It is found that parameters fitted kom OUT model is 
very agreeable with those from Tahata's model[IO] as 
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in OUT case to calculate stress value at the membrane 
center. To do so, 
Young’s Modulus 
shown in Table I. Finally, the stress distribution over the 
whole membrane given a known wo can be calculated 
Tabata’s work This 
model 
4.77 4.7s - 
@Pa) 
( M a )  
Intrinsic Stress 33.8 29.8 
Table I. Model comparisons. 
with the generalized Hook‘s law (Eq.2)[12]. The 
calculation predicts that the maximum stress will occur in 
the long edge middle of the membrane. This prediction is 
confirmed by the plastic deformation picture shown in 
Fig.4. Knowing the onset pressure of plastic deformation 
to be 4psi we can then determine the corresponding yield 
strength to be 59 Mpa (Fig.7), which is fust reached at the 
middle points of two long membrane sides. 
E 
1-v 
0, = T(&z + VEY) 
Eq.2 Generalized Hook’s law. ax, ay are stresses 
in the x and y directions respectively. 
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Fig.7 Yield strength derived from energy 
model and load-deflection experiment. 
B. Balloon Model 
To M e r  verify our model, the balloon model[3], 
Fig.8, is used to analyze the stress distribution at the 
center of parylene membrane on a new chip. Under the 
assumption that bending energy is negligible compared 
with membrane stretching energy (especially true around 
the membrane center point), balloon model can be applied 
f ‘ Y  
P: pressure difference 
t: membrane thickness 
I,, r,: radius of curvatures 
Fig.8 Balloon model for stress analysis. 
WYKO surface profiler is used to take the profile pictures 
of membranes under uniform pressure loading. Average 
profiles under fmed loading pressure are taken from 
multiple profile measurements to reduce high frequency 
profile noise which is probably contributed by optical 
effect or environmental vibration. The radius of 
curvatures at the membrane center can then be extracted 
from the average profile data (Fig.9) using Eq.3. Under 
48 
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Fig.9 Average WYKO profile data across 
the membrane center point fitted with 
second order polynomial curve. 
- 3 1 2  
d 2 w  
- 3 1 2  q1+[$)*} dyz d 2w
rY 
Eq.3 Formulae for extracting radius 
of curvatures at the membrane center 
60m average WYKO profile data. 
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the assumption that ay = ab in the membrane center, stress 
value a. at the membrane center is then calculated and 
compare with the value 6om the 2-step displacement 
model as in Fig. IO.  Good agreement is again observed. 
B?lloon model stress 
............. ...... . . . . . . . . . . .  . .  : 
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Fig.10 Energy model v.s balloon model. 
4. CONCLUSIONS 
In conclusion, a 2-step displacement approach with 
energy minimization method is developed to include both 
conbibutions from large intrinsic stress and large 
deflection effects to the total stress distribution across the 
whole membrane under a uniform pressure loading. The 
proposed model is used with the membrane load- 
deflection experiment to determine the yield strength of 
thin-film parylene-c to be 59 Mpa. The proposed model is 
verified by comparing analysis results with other known 
approaches. It is an analytic model suitable for the 
calculation of stress distribution on the membrane for 
yield strength measurement or related purposes. 
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